Main Text
X-inactivation is an evolutionarily conserved process that equalizes X-linked gene expression between male and female mammals by silencing genes on one of the two Xchromosomes in females [1] [2] [3] . Once inactivated, replicated copies of the X-chromosome are maintained as inactive throughout future rounds of cell division 3 , thus making X-inactivation a paradigm of epigenetic inheritance. Stable X-inactivation requires the Xist long noncoding RNA 4, 5 , which is upregulated from and physically coats the future inactive X-chromosome [6] [7] [8] [9] [10] .
Xist RNA accumulation recruits proteins that in turn are believed to silence X-linked genes [11] [12] [13] .
However, the precise order of molecular mechanisms by which female cells upregulate Xist RNA and undergo X-inactivation remain obscure.
We hypothesized that the increased dose in XX females compared to XY males of one or more X-linked genes that escape X-inactivation induces Xist and, separately, silences X-linked genes selectively in females 14 . We thus nominated the X-inactivation escapee Smcx/Kdm5c as a candidate inducer of Xist and X-linked gene silencing, for the following reasons. First, SMCX demethylates histone H3 di-and tri-methylated at lysine 4 (H3K4me2 and H3K4me3) 15, 16 , which are chromatin marks associated with active gene expression 17, 18 . Second, hypomethylation of H3K4 is associated with Xist induction and silencing of X-linked genes on the inactive-X 19, 20 . Finally, unlike many other escapees, the Smcx gene escapes X-inactivation in both mouse and human [21] [22] [23] [24] , suggesting an evolutionarily conserved dose-dependent function. 33 , which is accompanied by the onset of random X-inactivation 33, 34 . Unlike E3.5 embryos, the E5.5 control and Smcx Δ/Δ epiblasts were devoid of REX1 expression, indicating that they had undergone differentiation (Fig. 1c ). In agreement with the RNA FISH data, RT-qPCR also revealed significantly reduced Xist RNA expression but similar Rex1 RNA levels in E5.5 Smcx Δ/Δ compared to Smcx fl/fl and Smcx fl/Δ epiblasts (Fig. 1e ).
Smcx is required to induce Xist RNA
To evaluate X-inactivation in vitro, we next derived Smcx fl/fl , Smcx fl/Δ , and Smcx Δ/Δ embryonic stem cells (ESCs). ESCs can be differentiated into epiblast-like cells (EpiLCs) 35 , which mimic the early mouse epiblast just after X-inactivation has initiated 33 
Dose-dependent requirement of Smcx in X-linked gene silencing
We next asked if SMCX is required for X-linked gene silencing, by examining heterozygous Smcx fl/Δ epiblasts and EpiLCs, which display robust Xist RNA expression and coating ( Fig. 1c-h ). Due to potential cell-to-cell and gene-to-gene variability in silencing 14 EpiLC nuclei compared to Smcx fl/fl nuclei (Fig. 2a) . These three genes were also transcribed from the Xist RNA-coated X-chromosome in significantly more X ΔTsix Y differentiating EpiLCs compared to X ΔTsix X females (Extended Data Fig. 2b-c) . Together, the results in Figs. 1-2 demonstrate that the female-specific dose of SMCX is not only required for Xist RNA expression but also for efficient silencing of X-linked genes once Xist RNA is induced.
We next hypothesized that the Smcx fl/Δ cells that displayed inefficient silencing express a reduced level of SMCX than the Smcx fl/Δ cells with more stringent silencing of X-linked genes.
Although Smcx escapes X-inactivation, expression of Smcx from the inactive-X is lower than from the active-X 21,22 (Extended Data Fig. 2d ). Therefore, Smcx fl/Δ cells harboring the Smcx fl allele on the inactive-X are expected to express reduced SMCX than those with the Smcx fl allele on the active-X. If SMCX functions as a dose-dependent regulator of X-linked gene silencing, then the former group of cells would be more susceptible to X-inactivation defects than the latter (schematic in Fig. 2b ).
To test this model, we derived hybrid WT Smcx JF1/fl and heterozygous Smcx JF1/Δ ESCs containing X-chromosomes from divergent strains of mice. In these cells, the X-chromosome harboring the Smcx JF1 allele (X JF1 ), which encodes a WT SMCX protein, is derived from the Mus molossinus JF1 strain, and the X-chromosome with the Smcx fl or the Smcx Δ allele (X flSmcx and X ΔSmcx , respectively) is derived from the Mus musculus laboratory strain. We generated EpiLCs from these hybrid ESCs, and exploited single nucleotide polymorphisms (SNPs) in Xist on the two X-chromosomes to mark the X that was chosen for inactivation by allele-specific Xist RNA FISH (see Methods; Extended Data Fig. 3a ). Xist RNA is upregulated from and coats the Xchromosome that is selected for inactivation 9, 10, 36 . We concurrently evaluated the expression of the three genes that were not efficiently silenced in Smcx fl/Δ EpiLCs, Lamp2, Mecp2, and Atrx, via RNA FISH (see Fig. 2a ). In the control Smcx JF1/fl EpiLCs, the three genes were silenced with similar efficiency irrespective of which X-chromosome was Xist RNA coated ( Fig. 2c) 
Sufficiency of SMCX in Xist RNA induction and X-linked gene silencing
Having established a dose-dependent requirement of SMCX in X-linked gene silencing, we next tested the sufficiency of Smcx in inducing X-inactivation in male cells. Strikingly, ectopic expression of a mouse Smcx (Tg-mSmcx) as well as a human SMCX (Tg-hSMCX) transgene resulted in induction of Xist RNA in >40% of XY male ESCs (Fig. 3a) . We additionally tested if the Xist RNA induction required the demethylase activity of SMCX.
Expression of a point-mutant that abolishes the demethylase function of SMCX (TghSMCX(H514A)) 15 was not able to induce Xist RNA in the XY male ESCs (Fig. 3a) . Similarly, ectopic expression of the closely related SMCX homolog, SMCY/KDM5D (Tg-hSmcy), which maps to the Y-chromosome and is itself capable of demethylating H3K4me2/3 15 , was also insufficient to activate Xist RNA expression (Fig. 3a) . (Fig. 3d) . Reciprocally, the loss of SMCX in X ΔTsix;ΔSmcx Y and X ΔTsix;ΔSmcx O cells reduced the incidence of ectopic Xist RNA coating (Fig. 3d) . Xist RNA levels quantified by RTqPCR were concordant with the RNA FISH data (Fig. 3e ).
In addition to Xist RNA induction, we examined the impact of SMCX in the silencing of EpiLCs. We found an inverse correlation between cellular SMCX levels and H3K4me2 genome-wide ( Fig. 4c-d) . The increase in H3K4me2 upon the loss of SMCX was more pronounced on the X-chromosome compared to the autosomes, suggesting that H3K4me2 occupancy on the X-chromosome is more sensitive to a reduced SMCX dose compared to autosomes ( suggest that SMCX is transiently recruited onto the X-chromosome at the onset of X-inactivation and that the SMCX-dependent removal of H3K4me2 at promoters is maintained after SMCX dislodges from X-linked genes.
We then sought to probe the mechanism by which SMCX induces Xist expression. In contrast to the TSS-surrounding SMCX ChIP-Seq signals found at most X-linked genes, at the Xist locus, SMCX is enriched ~1.5 kb downstream of the TSS (Fig. 5a-b and Extended Data Fig.   8a ). We previously reported an enhancer-like regulatory element that promotes Xist expression in this region 39 . Importantly, SMCX reverses H3K4me2/3 and leaves intact H3K4me1 15 , which is a hallmark of transcriptional enhancers 40, 41 . Active enhancers are also enriched in H3K27 acetylation (H3K27ac) 42 . We therefore tested H3K4me1/2/3 and H3K27ac occupancy at the putative Xist enhancer by ChIP-qPCR.
Consistent with the previous study 39 , we noted that the SMCX-enriched region downstream of the Xist TSS indeed displayed enhancer-like chromatin signature of high H3K4me1 and lower H3K4me2/3 in d2 differentiated X ΔTsix Y EpiLCs (Fig. 5c) . Conversely, the TSS-proximal region of Xist was decorated with higher H3K4me2/3 and lower H3K4me1. In the Xist enhancer region, SMCX overexpression led to a further increase in H3K4me1 and a decrease in H3K4me2/3, and was accompanied by appearance of the active enhancer mark H3K27ac. In contrast, at the Xist promoter, which is devoid of SMCX, we observed an increase in the active chromatin signatures H3K4me2/3 and H3K27ac upon SMCX overexpression.
When we analyzed the Atrx promoter, which is directly bound by SMCX in the d2 differentiating EpiLCs, SMCX overexpression resulted in the removal of H3K4me2/3. These changes in histone modification levels at the Xist enhancer or the Atrx promoter were not observed when we overexpressed the mutant SMCX-H514A mutant ( 
Discussion
In this study, we show that the histone H3K4me2/3 demethylase SMCX functions in a dose-and enzymatic activity-dependent manner both to induce Xist and, separately, to silence Xlinked genes (Fig. 5d ). The higher, biallelic expression of SMCX links the discrete steps that are thought to underlie random X-inactivation 43, 44 : sensing the X-chromosome complement in the cell ('counting' step), inducing expression of Xist ('initiation' step), and silencing of X-linked genes ('establishment' step). All X-chromosome sequence elements necessary and sufficient to induce X-inactivation are thought to reside within the X-inactivation center (Xic), which harbors the Xist locus 43, 44 . Smcx, however, maps far outside of the Xic, near the telomeric end of the Xchromosome. The results herein argue against the primacy of the Xic and instead position Smcx at or near the top of the molecular hierarchy leading to random X-inactivation ( Fig. 5d ).
X-inactivation is postulated to have evolved as a consequence of the deterioration of the Y-chromosome 2 , which was once homologous to the X-chromosome in the common ancestor of therian mammals 45 . By extension, the presence of active Y-linked genes is believed to have driven escape from inactivation of the X-linked homologs to adjust the dose of X-Y gene pairs between the sexes 46 . Our data instead demonstrate that X-Y homologs can be functionally distinct, with the X-linked copy having evolved a female-specific function to cause Xinactivation. Escape from X-inactivation may therefore be evolutionarily driven in part by the requirement of the X-linked homologs in X-chromosome dosage compensation. Table 1 for exact values). 
Mice. The generation of Smcx
fl/fl mice and mice harboring the Tsix AA2Δ1.7 (Tsix Δ ) mutation have been described previously 25, 48 . The X-linked GFP transgenic (X-GFP) and JF1 strains have also been described previously 30, 31, 49, 50 .
Embryo Dissections and Processing. Pre-, peri-, and post-implantation stage embryos were isolated essentially as described previously 51 . Briefly, E3.5 embryos were flushed from the uterine limbs in 1X PBS (Invitrogen, #14200075) containing 6 mg/ml bovine serum albumin (BSA; Invitrogen, #15260037). The zona pellucidas surrounding E3.5 embryos were removed through incubation in cold Acidic Tyrode's Solution (Sigma, #T1788), followed by neutralization through several transfers of cold M2 medium (Sigma, #M7167). GFP fluorescence conferred by the paternal transmission of the X-GFP transgene was used to distinguish female from male embryos, since only females inherit the paternal X-chromosome. To achieve EpiLC differentiation, cells were cultured in N2B27 medium supplemented with 10 ng/ml FGF2 (R&D Systems, #233-FB) and 20 ng/ml Activin A (R&D Systems, #338-AC) in
Fibronectin (15μg/ml) (Sigma #F1141)-coated tissue culture dishes for 48 hrs. For further differentiation, the cells were cultured in N2B27 medium without FGF2 and Activin A for an additional 2, 4 and 6 days (d2, d4 and d6 of differentiation, respectively). For IF and/or RNA FISH, cells were permeabilized, fixed, and CSK processed as described above for ESCs.
Derivation and Culture of Epiblast Stem Cell (EpiSC) Lines. EpiSCs (X ∆Tsix X JF1 #2, #15)
were derived and characterized in a previous study 33 . For derivation of the EpiSCs lines, the epiblast layer was microdissected from E5.5 embryos and plated on MEF cells in EpiSC medium consisting of Knockout DMEM (GIBCO, #10829-018) supplemented with 20% Knockout Serum Replacement (KSR; GIBCO, #A1099201), 2 mM L-glutamine (GIBCO, #25030), 1X
nonessential amino acids (GIBCO, #11140-050), and 0.1 mM 2-mercaptoethanol (Sigma, #M7522), 10 ng/ml FGF2 (R&D Systems, #233-FB) and cultured for 3-4 days to form a large EpiSC colony. EpiSC colonies were then manually dissociated into small clusters using a glass needle and plated into 1.9 cm 2 wells containing MEF feeders in EpiSC cell medium. EpiSCs were passaged every third day using 1.5 mg/ml collagenase type IV (GIBCO, #17104-019) with pipetting into small clumps.
RNA Fluorescence in situ Hybridization (RNA FISH).
RNA FISH with double-stranded and strand-specific probes was performed as previously described 14, 49, 53 . The dsRNA FISH probes were made by randomly-priming DNA templates using BioPrime DNA Labeling System (Invitrogen, #18094011). Strand-specific Xist probes were generated from templates as described 39, 51 . Probes were labeled with Fluorescein-12-dUTP or -UTP (Invitrogen) or Cy3- Cells or embryo fragments mounted on coverslips were dehydrated through 2 min incubations in 70%, 85%, 95%, and 100% ethanol solutions and subsequently air-dried. The coverslips were then hybridized to the probe overnight in a humid chamber at 37C. The samples were then washed 3X for 7 min each while shaking at 39C with 2XSSC/50%
formamide, 2X with 2X SSC, and 2X with 1X SSC. A 1:250,000 dilution of DAPI (Invitrogen, #D21490) was added to the third 2X SSC wash. Coverslips were then mounted on slides in Vectashield (Vector Labs, #H-1200).
Allele-specific Xist RNA FISH. Allele specific Xist RNA FISH were generated as described by labeled SNP-overlapping oligonucleotides, a panel of 5 "mask" oligonucleotides was also synthesized. These "mask" probes are complimentary to the 3' end of the labeled allele-specific probes and will initially hybridize to the allele-specific oligonucleotides, leaving only 9-10 base pairs of sequence surrounding the polymorphic site available to initially hybridize to the target Xist RNA; since this region is short, the presence of a single nucleotide polymorphism is sufficient to destabilize unintended hybridization with the alternate allele. Sequences of detection and mask probes are listed in Methods Table 1 below. The allele-specific Xist RNA FISH probes were tested together with a strand-specific Xist RNA probe, labeled with Fluorescein-12-UTP (Invitrogen), which served as a guide probe that hybridized to Xist RNA generated from both Xist alleles and ensured that the allele-specific probes were faithfully detecting Xist RNA. The guide Xist RNA probe was first ethanol precipitated as previously described, then resuspended in hybridization buffer containing 10% dextran sulfate, 2X saline- ChIP-Seq. ChIP was performed as previously described 55 , with a minor modification, where we sonicated the chromatin using truChIP sonicator (Covaris were defined using MACS2 (q < 0.05) from the ENCODE mouse ESC data set 58 . Promoters were defined as ±1 kb from annotated transcription start sites (TSS) of the mm9 assembly. To find SMCX peaks, and subsequently H3K4me2 density, at DHS or promoters, we used the Bedtools intersect command to select SMCX peaks in which 10% of the SMCX peak length overlapped the promoters or DHS. For visualization in the Integrated Genome Viewer, bigwig files were generated with coverage normalized using the number of mapped reads to the Drosophila genome (reads mapped per reference genome per million reads) 59, 60 .
ChIP-qPCR. ChIP was performed as above. Two to five million cells were lysed and 3 g of Microscopy. Images of all stained samples were captured using a Nikon Eclipse TiE inverted microscope with a Photometrics CCD camera. The images were analyzed after deconvolution using NIS-Elements software. All images were processed uniformly.
SMCX/SMCY Sequence Analysis.
Amino acid sequences were obtained from the Ensembl database and from Cortez et al., 2014 61 .
Multiple sequence alignment was performed using MSAViewer 62 . MSAViewer tree tool was used to create a rooted phylogenetic tree with branch lengths according to the Neighbor Joining algorithm. Finally, the alignment was analyzed to find amino acids conserved across mammalian (human, mouse, and elephant) SMCX, but not in mammalian SMCY sequences nor in the orthologous chicken KDM5A sequence. These sites were visualized within the domain structure of human SMCX using PROSITE (http://prosite.expasy.org/), an available ExPASy bioinformatic resource tool.
